ABSTRACT: A model for bivalve growth was developed and the results were tested against field observations. The model is based on the Dynamic Energy Budget (DEB) theory and includes an extension of the standard DEB model to cope with changing food quantity and quality. At 4 different locations in the North Sea (Wadden Sea, Sean Gas Field, Oyster Grounds and Dogger Bank), labelled blue mussels Mytilus edulis were kept under natural conditions. Shell length was repeatedly measured for each mussel during the experiment, and dry weight was determined at the end of the experiment for some of the mussels. Temperature, salinity, chlorophyll concentration and Secchi depth (at the Wadden Sea location) were measured next to the experimental sites. Model performance was evaluated by comparing predicted and measured shell length, dry weight and growth at each location for each individual, without changing parameter values that were previously obtained from independent studies. The results show that the model was able to reproduce the main patterns of the observations, implying that the main metabolic processes at the individual level are well described.
INTRODUCTION
Bivalves have been extensively studied, and a wide range of modelling approaches has been used to describe their ecology. Each of the existing models has been developed from a particular perspective and with a particular set of objectives, ranging from a simple filtration model, with feeding and excretion being the main processes, to more complex models, where filtration, particle rejection and selection, food absorption efficiency and reproduction are described as functions of environmental conditions. Most of these models describe nutrition and resource allocation as allometric relationships. The so-called net-production models assume that assimilated energy is immediately available for maintenance and that the remaining energy is available for growth, or stored as reserve (e.g. Bacher et al. 1991 , Grant & Bacher 1998 , Scholten & Smaal 1998 , Ren & Ross 2001 . The Dynamic Energy Budget (DEB) theory, proposed by Kooijman (1986) and extensively discussed by Kooijman (2000 Kooijman ( , 2010 , is based on a more mechanistic view and has already been successfully applied to model bivalve dynamics (e.g. Ross & Nisbet 1990 , van Haren & Kooijman 1993 , Bacher & Gangnery 2006 , Pouvreau et al. 2006 , Troost et al. 2010 ). The DEB the-ory is conceptually different from the net-production models approach, because it assumes that all assimilated energy is first stored as reserve (which does not require maintenance); subsequently, the reserve is utilized to fuel other metabolic processes such as maintenance, growth, development and reproduction. In addition, DEB models do not use empirical allometric relationships but simply state that food uptake is proportional to the surface area of the body, whereas maintenance scales mainly to structural body volume. One of the main advantages of a DEB model is that it is based on a generic theory, meaning that the same model structure can be applied to different species, where only parameter values differ. Variability in growth and reproduction between individuals of the same species are assumed to be mainly caused by differences in environmental conditions (temperature, food). Interspecific variability (among several species) is caused both by differences in parameter values as well as environmental conditions (Kooijman 2000 (Kooijman , 2010 . Here we aimed to test to what extent a generic model for an individual mussel is realistic enough to be used for population modelling in the future. The obtained model results were compared with real observations on the growth of the blue mussel Mytilus edulis at 4 different locations in the North Sea, with 1 station in a coastal environment and 3 stations in the open sea (off shore).
MATERIALS AND METHODS

DEB model
The standard DEB model, described by Kooijman (2010) , was adapted and extended using the feeding processes model proposed by Saraiva et al. (2011b) . The basic assumptions of the DEB model are:
(1) an organism is characterized by a structural body (individual structure biomass), reserve (biomass available for direct use), maturity level (amount of energy spent in organism development) and a reproduction buffer (biomass allocated to future gamete production);
(2) the chemical composition (with C, H, O, N and P assumed to be the main elements) of reserve and structure are constant (strong homeostasis); (3) if food density is constant, then the ratio between reserve and structure (reserve density) tends to maintain a constant value even during growth (weak homeostasis); (4) the life cycle of the individual has 3 different life stages: embryonic (no feeding, the embryo relies on Tables 1 to 4 for variable descriptions. Boxes with solid lines represent the organism mass compartments and solid arrows the associated flux; the dotted box represents energy investment and the dotted arrow its inflow; dashed boxes represent a mass compartment outside the organism, and dashed arrows represent the respective outflow from the organism stored energy supplies), juvenile (feeding starts but resources are not yet allocated to the reproduction buffer) and adult (organism is mature and able to reproduce); (5) metabolic switching (from embryo to juvenile and juvenile to adult) is linked to maturity level; (6) κ-rule: a fixed fraction of mobilized reserve is used for somatic maintenance and growth (increase of structural mass), the rest for maturity maintenance and maturation (increase of maturity in embryos and juveniles) or reproduction (adults); and (7) somatic maintenance is proportional to the amount of structure, and maturity maintenance is proportional to the level of maturity.
In addition, for the specific case, the presented model also assumes that:
(1) the bivalve is an isomorph organism (i.e. its shape does not change during growth);
(2) the conversion between the real and the structural length is made by a fixed dimensionless shape coefficient (∂ M ); (3) time is partioned into food searching and food handling, where food searching depends on food density and food handling and digestion depend on food quality; and (4) rejuvenation (i.e. decrease in maturity) and shrinking (i.e. decrease in structure) can occur during extreme starvation. Fig. 1 represents a scheme of the model, and Tables 1 to 4 show the main formulations and necessary parameters used in the model. A more detailed description of the model and its specific assumptions is provided in the following sections.
State variables and forcing functions
Four state variables characterize the organism, i.e. the individual structure biomass,
) and reproduction buffer, M R (mol C E ) ( Table 1 ). The forcing functions of the model are ambient temperature and the concentration of particles in the water, either inorganic (non-food material, expressed in mg l −1 ) or algae (food, expressed in mol l −1 for C, N, and P).
Feeding
Filtration, ingestion and assimilation are assumed to be separate processes (Saraiva et al. 2011b ). The Synthesizing Units (SU) concept, introduced in the DEB theory by Kooijman (1998 Kooijman ( , 2000 Kooijman ( , 2010 , is used to specify those processes. For each particle type i in the water column, with density X i , a flux of particles is retained through filtration (the product of clearance rate and particle concentration, X i Ċ R ). In the model, clearance rate is regulated by substitutable and sequential SUs, where any substrate can be separately filtered and the handling of 1 food type by the filtration apparatus interferes with the possible handling of other food types. Once retained in the gills, particles are then led to the palps, where selection is made between particles transported to the mouth to be ingested and particles which are rejected and transported back to the water as pseudofaeces (J˙P i F ). The same type of mechanism (substitutable and sequential SUs) is used to explain and describe both 143 Pseudofaeces production rate
Algal structure assimilation rate mol
Algal reserve assimilation rate mol
Faeces production rate mol C d 
Organism length cm
DW
Organism total dry weight g (dw) Saraiva et al. (2011b) .
Mobilization
The mobilization rate, J˙E C , is the rate at which energy is used from the reserve. As a consequence of the weak homeostasis assumption, the mobilization of the reserve occurs at a rate proportional to the reserve density, which is the ratio between reserve (mass, mol C) and structure (volume, m 3 ), and thus inversely proportional to structure (Kooijman 2010) .
Somatic maintenance
Somatic maintenance, JĖ S , stands for all processes necessary to 'stay alive', or to maintain the integrity of the animal's body, and this maintenance term can generally be decomposed in contributions that are proportional to structural body volume (structure maintenance costs) and to surface area (e.g. osmotic work in brackish waters and endotherms) (Kooijman 2010) . This second type of contribution to maintenance (proportional to the organism's surface area) is considered to be null because we assume that the bivalve is not affected by the possible changes in salinity at the study locations and also because bivalves are ectotherms, and thus do not spend energy on temperature regulation.
Growth
Growth, J˙V G , represents the increase in structural body mass of the organism. The flux of reserve available for growth, J˙E G , is computed as the difference between the amount of energy allocated to growth/maintenance, following the κ-rule, and the somatic maintenance. The increase in structural body mass, i.e. growth, is computed by assuming a yield coefficient (y VE ) resulting from the stoichiometric balance of mass transformations (Kooijman 2010) .
Maturity and reproduction
During the juvenile stage, the fraction of energy allocated to reproduction is used to develop reproductive organs and regulation systems, increasing the maturation level of the organism. Maturity itself has no mass, or energy, and it is quantified as the cumulative investment of reserve in maturity. When the organism reaches a particular maturity level (M P H ), no more development is needed and it becomes an adult. Hereafter, it allocates this flux, J˙E R , to the reproduction buffer for further gamete production and release into the water. Thus, this maturity threshold controls stage transitions. Maturity requires maintenance, proportional to the maturity level, which can be thought to relate to the maintenance of regulating mechanisms, defense systems and concentration gradients (Kooijman 2010 ). The present model assumes, for simplicity, that the maturity maintenance rate coefficient is equal to the somatic maintenance rate coefficient, k M =k J , implying that the stage transitions occur at a fixed amount of structure.
Spawning
The allocation of energy to reproduction is accumulated in a reproduction buffer. This leads to an increase in the gonado-somatic mass ratio (GSR, gonadal tissue fraction of the total biomass) over time. Spawning events occur if the GSR and the temperature are above the respective thresholds (GSR spawn and T spawn ). The model considers that gamete production, i.e. the conversion of the reproduction buffer content into embryo reserve, has overhead costs. The dimensionless factor k R represents the fraction that is fixed in eggs, and 1 − k R is the dissipation fraction. In line with field observations made by Cardoso et al. (2007) , the model assumes that 1 spawning event does not empty the reproduction buffer content completely but that a minimum value of GSR is maintained inside the organism. For simplicity, the model considers that each gamete (sperm cell or egg) produced will have a constant value of reserve density that equals the reserve density of the mother when in optimal condition and that the spawning events are instantaneous.
Inorganic compounds
Mineral fluxes are represented by the amount of CO 2 , H 2 O, O 2 , NH 3 and PO 4 used or released by the individual in the processes described above. They can be computed on the basis of the principle of mass conservation for each element in the system (C,H,O, N, P) using the organic fluxes computed before.
Temperature effect
All physiological rates depend on the body temperature. This dependency is usually well-described by the Arrhenius relation, within a species specific tolerance range of temperatures: (1) where T is the absolute temperature (K), T 1 is the reference temperature, T A is the Arrhenius temperature, k˙1 is the value of the rate at temperature T 1 , and k˙(T ) is the value of the rate at temperature T. It is assumed that all physiological rates are affected by temperature in the same way.
Model parameters
The model parameters used in this study were estimated by Saraiva et al. (2011a) using several data sets from the literature on the blue mussel Mytilus edulis, following the covariation method described by Lika et al. (2011) . This method is based on the minimization of the weight sum of squares deviation between data and model results. The data include a collection of observations (single data points and/or time series) and a set of pseudo-data (average of parameters obtained from a large collection of organisms, used to restrict the possible parameter combinations). The general idea behind the covariation method is to let all available information compete, or interact, to produce the end result, implying the estimation of all parameters from all data sets simultaneously. Saraiva et al. (2011a) also provided a comparison with previous parameter sets in terms of model performance and approximation to the data, concluding that the new parameter set should lead to better results. The parameters used in the present study are listed in Table 4 .
Field observations
Mussels. Intertidal mussels from the Dutch coast (Egmond) and the UK coast (Lowestoft and Wash), with a size range from 2 to 6 cm, were collected and individually marked. Marks consisted of miniature labels (www. hallprint.com) which were glued on 1 of the valves with a gel type of superglue. At the start of the experiment, each individual shell length was measured to the nearest 1/10 mm with digital callipers, and a subset (n = 195) of animals was sacrificed and dissected to determine initial soft tissue weight and condition. The labelled mussels were then transplanted to 4 locations in the North Sea: Wadden Sea, Sean Gas Field (UK), Oyster Grounds (NL) and Dogger Bank (UK) (Fig. 2) . Fig. 3 presents the size distribution of the transplanted mussels at each location. The mussels were transplanted in series of small nets (10 × 20 cm, with a mesh size of 1.5 cm) which were filled with 15 mussels each (Table 5 ). The resulting 'density of mussels' is in the range of that found in natural mussel banks.
At an inshore part of the North Sea, the Wadden Sea, mussels were located in the surface water layer in December 2005. At this location, the mussels were collected, cleaned and measured individually every month, and a subset of the mussels was sacrificed in the first year for weight determination. During the experimental period (December 2005 until August 2009), 4 new transplantations were done at this location (November 2006 , April 2007 , June 2008 and November 2008 . The transplantations followed the same meth odology as the first deployment. For this location, growth data from 148 mussels were available.
At the other locations (North Sea offshore), the same procedure was applied and the nets were tied to bottom moorings which were deployed from October during which the individually marked mussels were re-measured and small sets of individuals were taken out for weight determination. For the Dogger Bank location, nets with mussels were also positioned at the surface. Hence for this location, growth data from both surface and bottom were collected. The mortality of the entire experimental population of mussels at all locations was low (~2%). At the Dogger Bank surface location, some fouling by macroalgae in the surface nets occurred during the spring-summer period. The nets transplanted to the Wadden Sea location experienced fouling by barnacles and adhering mud. This fouling was removed monthly at the times the mussels were re-measured. Thus the negative effects on mussel growth and performance are expected to be small. Environmental conditions. Environmental conditions were quantified from field measurements of water temperature and chlorophyll a (chl a) concentration at each location. For the Wadden Sea, the Royal Netherlands Institute for Sea Research maintains a research jetty, situated on the northern shore of the Marsdiep, a tidal inlet, which connects the Western Dutch Wadden Sea with the North Sea. At this location, continuous observations are being made on sea surface temperature and salinity (van Aken 2008a,b) and on chl a concentrations (Philippart et al. 2010) . Since this monitoring station is located close to the transplantation location of the mussels (see next section), these measurements were used as input data for the model (Fig. 4) . At this location, total particulate matter (TPM) was estimated, and inorganic material concentration was computed as the difference between TPM and algal weight. TPM estimation used an empirically based Håkanson (2006) , to quantify the relationship between TPM, salinity and Secchi depth. The formulation was tested for a period when all the measurements were available (Fig. 4c) and then used to estimate TPM concentrations for the periods in which no measurements were available. The environmental conditions for the offshore North Sea locations were measured with semiautonomous moorings and lander systems, to which the mussels were attached. The mooring systems were equipped with self-logging fluorescence, turbidity and CTD sensors. Details of the moorings and landers are given by Suratman et al. (2010) and Painting (2010) . Chl a to carbon and nitrogen/phosphorus to carbon ratios were used to convert chlorophyll observations into food concentration in terms of carbon, nitrogen and phosphorus content, necessary as model input. Average results from the GETM-ERSEM model were used to obtain a seasonal pattern of those nutrient ratios at all 4 locations (Fig. 5) . More detailed description on the GETM-ERSEM model and its implementation in the North Sea can be found at www.nioz.nl/northsea_model and in BarettaBekker et al. (1997) . To assess the implications of the assumptions made on the forcing functions, namely on the determination of the inorganic material concentration and conversion from chl a to carbon, nitrogen and phosphorus, some additional model scenarios were performed. The first scenario is a repetition of the reference scenario but assuming 50% lower inorganic material concentrations to assess the importance of food quality on mussel growth. Two other scenarios were performed: (1) assuming a constant average value for the carbon:chlorophyll ratio, to assess the importance of the seasonal variation in food quantity; and (2) assuming a constant average value for nitrogen:carbon and phosphorus:carbon, to quantify the importance of the seasonal variation in food composition.
Comparison between predictions and observations. The same model and the same parameter set were used to model length and weight growth of each mussel at each of the 4 locations.
The model simulations in the present study only differed with respect to the location-specific forcing function (food, temperature) and initial conditions (amounts of reserve, structure, reproduction buffer and level of maturity). The initial conditions for each mussel were estimated using the results of a pre-run of the model for a 'born and raised' mussel living in average environmental conditions. Initial structure was estimated by length measured at the beginning of the experiment and initial reserve content estimated by combining the seasonal pattern of reserve density resulting from the pre-run simulation with the day of year of the start of the experiment. For each location, the results were analysed on an individual basis, i.e. comparing observations and model predictions for each mussel separately, and then the overall results were analysed in terms of the average performance of the model predictions. The difference between model predictions and field observations was quantified in terms of a relative error computed as: (2) where Y and Ŷ are the observations and the model predictions, respectively. 
RESULTS
Wadden Sea
Fig. 6 presents model predictions of mussel characteristics for a 'born and raised' mussel under average daily environmental conditions, as measured in the Marsdiep (temperature, chl a and inorganic particle concentration) obtained at the Wadden Sea location. Total mussel dry weight was computed as the sum of structure, reserve and reproduction buffer content of the bivalve, as de scribed in Table 3 . In Fig. 6a , dry weight versus length predictions are compared with observations from the subset of mussels sacrificed at the beginning of the experiment. For the same predicted length, a range of predicted dry weight values was found, depending on the reproduction buffer content. This buffer is determined by the number and timing of spawning events also predicted by the model. The difference between model estimates and real observations was higher for mussels with higher length, but it was also in this range that the observations showed more scatter. After 16 yr of simulation, the average 'born and raised' mussel is about 7 cm long, which is within the common range of lengths found in field observations, i.e. between 5 and 10 cm (MarLIN 2009 ).
All model results indicated a strong seasonal pattern with high growth in the spring/summer season and low growth during the autumn/winter season. This pattern is consistent with the seasonal cycle of temperature and food availability for a typical year (Fig. 4) . Temperature starts to increase during the beginning of spring (April) followed by an increase in chlorophyll concentration. The increase in food availability and temperature promotes high growth for the mussel during a period of about 5 mo. The decline in chlorophyll during summer until the end of the year and the temperature decrease in autumn result in lower mussel growth. In this period of low food availability, the mussel is using its reserve to maintain itself. Model results show that mussels of more than 4.5 cm may even use the reproduction buffer content to fuel the high somatic maintenance costs, shown in Fig. 6d . Spawning events, controlled by temperature and the fraction of gametes in the organisms (T spawn and GSR spawn thresholds), are responsible for the sharp decline of the reproduction buffer content. The model predicts an interval of about 1 yr between spawning events (late spring/summer), but also indicates that in some years a second spawning event can occur if the first event is early in spring. Both predictions are consistent with field observations (Cardoso et al. 2007) .
As described before, the 'mussel born and raised' scenario was used to establish the initial conditions (structure, reserve and reproduction buffer from measured initial length) of the mussels. Model simulations were then performed for each mussel (n = 148) considering the same forcing functions and individual parameters, changing only the initial conditions of each mussel. Fig. 7 represents some of the obtained results, including examples of shell length observations in comparison with the predicted length for 4 particular mussels (B209, B127, B144 and B219). This shows that the main seasonal pattern observed both in the data and in the model is that the mussel growing season starts with the increase in temperature and chl a concentration in the water column during spring. This contrasts with slow growth observed during autumn and winter. Although the model is able to predict this pattern, the particular predictions for mussels B127 and B209 show a higher growth during the growing season of the first year, compared with the observations (Fig. 7b ). For mussels B144 and B219 (Fig. 7a) , the model predictions are close to the observations even with very different initial lengths. The overall relative error (relative difference be tween observations and model) for these mussels is about 2%, showing that the initial length does not determine the goodness of fit of the model prediction. It is also interesting to note that mussels B209 and B219, which had about the same size at the beginning of the experiment, showed a significant difference in their observed growth pattern. Fig. 7 also presents the overall result for model predictions versus observations for growth, both in terms of shell length and in terms of weight, for each data point (white dots) and their averages (black dots). The high variability in growth in the observations is clearly shown. The relative difference between the model and observations was about 30%, and there was a tendency for lower predicted values. In terms of weight increase, the average relative error was much higher (about 75%). Fig. 8a,b shows the comparison between observed lengths and model predictions in the simulated scenarios for 2 particular mussels, and Fig. 8c,d represents the average result of shell length and weight growth for the reference scenario (black dots) and for the scenario with half inorganic material concentration (white dots). The results show that a decrease in inorganic material concentration does have a significant effect on increasing mussel growth. The overall result suggests that this higher growth rate compared with the reference scenario slightly improves in the model predictions, reducing the tendency for lower model predictions. In fact, for about 90% of the mussels (see Fig. 8a for an example of these and Fig. 8b for an example of the remaining 10%), the first scenario, with half inorganic material, results in better model predictions. The differences between the scenarios on food quantity and composition and the reference situation are not very significant; the highest difference is about 0.2 cm in a mussel with a 5 cm long shell, which represents a change of about 4% in length.
All North Sea locations
The same modelling methodology was followed for the other locations in the North Sea, and the results obtained for the reference scenarios are summarized in Fig. 9 . The model goodness of fit can be assessed by the distance between the dots and the diagonal line, which represents the perfect fit. Length growth results for each location are summarized in terms of a straight line connecting the average values of growth observed for all mussels. Dogger Bank (bottom) is represented by a single dot because at this location, all mussels showed low growth and were all averaged (Fig. 9b) . The Wadden Sea and Sean Gas Field are close to the diagonal, and for the Oyster Grounds, the results show the correct slope but with higher observed values. The low length growth found for the Dogger Bank bottom location is in agreement with the model predictions, and the strong contrast with the results obtained at the Dogger Bank surface location. In terms of weight, the results obtained for the Wadden Sea show the largest difference between estimates and observations (Fig. 9d) . For the other locations, despite the high varia bility in the data, the comparison between model predictions and observations is relatively close to the perfect fit.
DISCUSSION
The same model and parameter set were used to predict mussel growth in the transplantation experiments at all 4 locations. The underlying idea is that a generic mussel model should represent an average (growth) performance of mussels under given environmental conditions. The observations used in the study refer to particular mussels, and it is not always correct to average the data, particularly if mussels have different sizes. For that reason, the model was evaluated by a combination of 2 different methodologies: first by comparing observations and predictions for individual mussels and second by computing the average relative error per location. The individual mussel observations show a clear seasonal pattern. The growing season is driven by an increasing temperature and food availability during spring and summer. The model is well able to reproduce this for all locations, suggesting that the main and seasonal processes are well described. The analysis of the overall results of predictions on length and weight growth (Fig. 9 ) are also satisfactory, especially when considering that the model was not calibrated or fitted to these particular experimental observations. However, several assumptions and choices had to be made and with that some uncertainties are associated with the results.
Temperature and chl a measurements were used to characterize the environmental conditions at each of the locations. Although fundamental, this information is not fully representative of the conditions at the site. Chl a is used as a proxy for food concentration and composition, combined with chlorophyll to carbon and nitrogen/phosphorus conversion factors. To include the seasonal variation of these ratios in the North Sea, we had to use ERSEM model outcomes, as this type of information was not available from the measurements at these different locations. Additionally, the Wadden Sea simulations used estimates of inorganic material concentration in the water column obtained by an empirical relationship between this property and measurements of Secchi depth and salinity, proposed by Håkanson (2006) . The use of these assumptions instead of measured data can also cause some deviations between model predictions and observations of mussel length or weight. The feeding processes module enables the evaluation of some of the assumptions made on the food characterization due to the incorporation of food quality and composition in the assimilation rate computation. Differences in mussel growth between the different modelling scenarios performed are shown in Fig. 8a ,b, for 2 individual mussels. The scenario analysis confirms the negative effect of high suspended inorganic particles on mussel filtration and consequently on the growth of the organism, which is in agreement with several other studies (see review Riisgård 2001, and references therein) . This is an important result and strengthens the model potential for mussel growth simulation in estuarine and coastal environments.
The model predictions improved in the scenario of half inorganic material concentration. This could be explained by the fact that the experiment was conducted inside the harbour and the measurements were taken at the jetty station, located outside the harbour, more exposed to coastal transport of TPM and wind-induced waves. The comparison of scenarios also suggests that the influence of inorganic particles is much more important than the influence of seasonal changes in food composition. These results are also important for the design of future experiments meaning that with limited resources, the main effort in measurements should be on the TPM determinations rather than on frequent seasonal food composition estimations. Therefore, to obtain better model predictions, data should be available for TPM concentrations, temperature and food concentration (phytoplankton concentration and/or chlorophyll concentrations combined with C:chl a ratios). The measurements should be made frequently (on the order of weeks or at least monthly), and food composition (mainly C, N and P) should be measured at the experiment location, preferably on a seasonal time scale. Frequent mussel length monitoring and periodic mussel sacrifices for weight determination are essential for a more detailed comparison with the model predictions. Monitoring of gonadal development and spawning events could also be of great help to evaluate the reproduction buffer handling rules assumed in the model. Knowledge on the start conditions of each mussel (length and reserve density) is also critical for model implementation, particularly if the simulation period is short and if the results are compared in terms of growth (different between the end point value and the start). In this study, start conditions of mussels were based on a previous model simulation for a 'born and raised' mussel living in average seasonal environmental conditions, resulting in a clear seasonal pattern of the organism reserve density. This seasonal pattern, combined with the starting date of the experiment, was used to estimate the initial reserve density of each mussel.
The agreement between predictions and observations was higher, and also more reliable, for length measurements than for weight. In fact, the uncertainties associated with weight can be very significant. The organism weight depends very much on the spawning events and on the usage of energy reserves during long periods of food shortage (Bayne et al. 1978 (Bayne et al. , 1982 . There was large variability in observed length and weight growth of the mussels within each site. This variability is attributed to different individual performance, different initial conditions and to some extent to differences in experiencing ambient conditions despite the careful planning of the experiment. Individual performance will also depend on the organism's condition, i.e. reserve density and health. Even when mussels had similar lengths, they may have differed in condition since they were collected in a natural population living in a spatially and temporally variable environment. The model is not able to reproduce specific adaptations of the individual to specific environmental conditions, e.g. temperature ranges or sediment concentrations in the water column. The parameters used in the model were estimated by Saraiva et al. (2011a) using literature data describing results collected from different locations, experiments and authors and as such attempt to represent a parameter set for an 'average mussel' rather than a specific individual from a specific location. Therefore, it is believed that, if needed, the model performance for each location could be improved by using detailed data and/or site-specific assumptions. Although there was significant variability in the observed growth of the mussels, they all followed the same seasonal pattern, which was well predicted by the model at all locations.
CONCLUSIONS
This study aimed to evaluate the performance of a generic model for individuals to predict mussel length and weight growth given the environmental conditions. The model results were compared with observations made at the individual level without adapting parameters. Despite the high variability found in field observations, the model was able to reproduce the seasonal pattern of the observations on length and weight growth. Length was better predicted than weight, probably due to the high influence of spawning events and food limitation periods on the total mussel weight (±10 to 15%), as well as the high uncertainty in the initial weight conditions. One important conclusion of this study is that the influence of inorganic material concentration on mussel growth is significant, and the model suggests that it could even be more important than seasonal changes in food composition. Model predictions can be improved if measurements of inorganic material concentration are available. The model was tested at 4 different locations with different environmental conditions. From the results, we conclude that the 'average mussel' model can reasonably reproduce the average of the mussels at each location. This supports the model's ability to correctly describe the main processes involved in mussel growth and confirms its potential use in upscaling these processes to the level of population dynamics.
